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The fabrication of threedimensional micro and
nanoobjects of arbitrary shape and the formation of
spatially ordered arrays of such particles are a complex
technological problem which can be solved only on
the basis of modern hightech methods. Three
dimensional laser lithography [1–3], which combines
the mathematical description of the object shape and
the original embodiment of the computer model in a
real structure, is one of just a few methods suitable for
this purpose. This technique, first implemented in
1991 [4], appeared owing to the use of the confocal
laser microscope principle and the concept of optical
memory [5] perceived to be built by exploiting the
nonlinear effect of twophoton absorption [6]. Two
photon absorption causes polymerization of a photo
refractive material when it is irradiated by intense laser
pulses. By scanning the focal point of the laser beam
across the bulk of the photoresist under computer con
trol according to the model at hand, it is possible to
reproduce the modeled object with a high resolution.
Owing to the threshold response of polymerization to
the accumulated dose of laser radiation, the resolution
exceeds the diffraction limit [7]. This effect results
from the fact that the radiation intensity in a laser
beam is distributed nonuniformly across the volume of
the caustic. The resolution is determined by the size of
the region of the focused laser beam waist where the
threshold radiation dose required for photoresist poly
merization is attained. The smaller the margin by
which the maximum value of the dose exceeds the
threshold, the smaller the area within the caustic
where polymerization takes place and, thus, the better
the resolution of the fabricated structures.
The goal of this study is the fabrication of three
dimensional structures with submicron resolution
using twophoton lithography. A hybrid material based
on zirconium propoxide with an Irgacure 369 photo
initiator (Ciba Specialty Chemicals Inc., United
States) was used as the photoresist. This resist features
low shrinkage upon polymerization, which ensures a
good correspondence between the fabricated structure
and its computer model [3]. A TiF100F laser (Avesta
Project, Russia) emitting 50fs light pulses with a cen
tral wavelength of 780 nm at a repetition rate of
80 MHz was used as the light source. The samples
were fabricated by scanning the bulk of the photoresist
with a laser beam focused by an objective with a
numerical aperture of NA = 1.4. The sample was
moved in the base (xy) plane with respect to the laser
beam using two mutually orthogonal motorized air
bearing linear translation stages (Aerotech Inc.,
United States). Scanning in the vertical plane was per
formed by mounting the objective that focuses the
laser radiation onto the photoresist on a similar single
axis stage moving along the vertical axis z. The stages
were controlled using software developed at Laser
Zentrum Hannover.
There are two algorithms to program the shape of
the fabricated object in laser lithography. In the first of
them, xyplane cross sections of the threedimen
sional model of the object in the STL (stereolithogra
phy) format are built layer by layer with a constant or
variable step along the z coordinate [1, 8]. This
method is the most suitable one for the creation of
structures with complex shapes, such as the three
dimensional microscopic model of the weathervane
“ship” on top of the Admiralty spire in St. Petersburg
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As a demonstration of unique capabilities of threedimensional laser lithography, an example complexshape
microobject and photonic crystals with “woodpile” structure for the infrared spectral range are fabricated by
this technique. Photonic dispersion relations for the woodpile structure are calculated for different values of
the permittivity contrast and the filling factor.
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shown in Fig. 1a. Note that the lithograph resolution
in this experiment, which can be estimated from the
thickness of the sailing ship “ropes,” is ~300 nm.
The second algorithm is perfectly suitable for the
fabrication of periodic structures such as photonic
crystals [9, 10]. In this case, the structure is defined by
the translation vectors along which the laser beam
focus is shifted. Examples are given in Figs. 1b, 1c, and
2. Thus, Figs. 1b and 1c show an inverted yablonovite
photonic structure similar to the one fabricated by us
previously using the layerbylayer algorithm [11].
Apart from an improvement in the shape of the struc
tural elements, which, according to Figs. 1b and 1c,
become close to ideal cylinders, a considerable (by
more than an order of magnitude) reduction in the
time required for the fabrication of this photonic crys
tal takes place. The latter result is important for the
fabrication of photonic structures of large sizes appro
priate for optical measurements and various applica
tions.
Figure 2 shows photonic crystals of “woodpile”
type with different structural parameters. Such a sys
tem is formed by rods of rectangular cross section and
possesses the translational symmetry of a bodycen
tered tetragonal lattice with lattice constants a and c.
The unit cell of the “woodpile” is defined as follows.
The first rod is oriented along the x axis, its center
being shifted to the point (0, 0, –c/8). The next rod is
oriented along the y axis and its center is located at
(0, 0, c/8). In such unit cell, the z axis is a fourfold
inversion axis. In addition, the structure possesses
mirror symmetry with respect to the zx and zy planes
and twofold rotation symmetry with respect to the
diagonal direction. As a result, the unit cell has D2d
symmetry, and the woodpile structure corresponds to
the spatial group . The Brillouin zone of the
woodpile structure and its irreducible part are shown
in Fig. 3. The filling factor of the structure, by which
we imply the volume fraction of space occupied by the
rods, can be characterized by the ratio w/a, where w is
the rod width. Note that a woodpile structure with
rectangular rods simultaneously represents an inverted
structure consisting of “air rods” of width 1 – w within
a medium with a dielectric constant ε.
To investigate the dependence of the photonic
properties of woodpile structures on the permittivity
contrast and filling factor, we calculated the photonic
band structure using the vector plane wave method.
I
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Fig. 1. (a) Threedimensional microcopy of the weather
vane “ship” on the top of the Admiralty spire in St. Peters
burg synthesized by laser lithography. Inset: photograph of
the weathervane; the “ship” is ~2 m long and ~1.5 m high.
(b) An inverted yablonovite structure synthesized by three
dimensional laser lithography. (c) An enlarged image of a
fragment of the structure shown in panel (b). All images
are obtained using scanning electron microscopy.
Fig. 2. Woodpile photonic structures with lattice constants a = 2 μm and c = 2.8 μm and different filling factors fabricated by
threedimensional laser lithography.
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Calculating the photonic band structure—i.e., the
eigenfrequencies of the electromagnetic field as func
tions of the wave vector—we used the implementation
of the vector plane wave method described in [12, 11].
The eigenvalue problem was solved taking into account
27000 (30 × 30 × 30) plane waves. To calculate the
effective dielectric tensor, the primitive cell was split
into 1503 elements (using a 150 × 150 × 150 mesh).
The calculations were carried out for woodpile
structures consisting of rectangular rods of width w
and height c/4. In the case c = a, the bodycen
tered tetragonal lattice has the symmetry of the face
centered cubic lattice, whose Brillouin zone is closest
to a sphere. It should be noted that, in such a structure
with reduced D2d symmetry of the unit cell, nonequiv
alent directions Γ  X and Γ  Z should be distin
guished. In order to determine the photonic band gap,
i.e., the frequency region where no eigenstates of the
electromagnetic field exist for any wave vector, it is suf
ficient to calculate the eigenstates for wave vectors at
the boundary of the irreducible part of the Brillouin
zone. Figure 3 shows the calculated photonic band
structure for a woodpile consisting of rods with w =
0.28a and ε = 13. One can see that, in the frequency
range from 0.32 to 0.39, there are no field eigenstates;
i.e., there is a complete photonic band gap. The high
frequency edge of the gap is determined by the small
est wave vector at the Brillouin zone boundary, i.e., by
the N point. As for the lowfrequency edge, the wave
vector at the Brillouin zone boundary attains its largest
2
value at Y, Y1, and P points, which are nonequivalent
owing to the D2d symmetry of the unit cell. In the
structure under consideration, the lowfrequency edge
of the band gap is determined by the P point.
Now, let us consider the dependence of the width of
the photonic band gap on the main structural parame
ters. First, we calculate the dependence of the band
gap on the filling factor w/a (Fig. 4a). One can see
that, for small values of ε, the widest band gap occurs
for w/a ≈ 0.35. As ε increases, the widest band gap is
attained in structures with thinner rods. We also calcu
lated the dependence of the band gap on the relative
permittivity ε of the rod material for a fixed value of w
(Fig. 4b). One can see that a band gap first appears in
a woodpile structure consisting of rods with a relative
permittivity ε ≈ 5. The dependence of the band gap on
the permittivity shown in Fig. 4b is close to the one
calculated for the yablonovite structure [11], only
going somewhat higher than the latter for large values
of ε.
Thus, we have demonstrated the broad capabilities
of threedimensional laser lithography in the fabrica
tion of arbitraryshape structures with submicron res
olution. We have synthesized a demonstration figure, a
copy of the weathervane “ship” on the top of the
Fig. 3. Lowfrequency part of the photonic band structure
of a woodpiletype photonic crystal. Calculations are per
formed for rectangular rods with the width w = 0.28a
(where a is the lattice constant) and relative permittivity ε
= 13 in air. Wave vectors are shown for the irreducible part
of the Brillouin zone. The photonic band gap is shaded in
blue. The inset shows the Brillouin zone of the bodycen
tered tetragonal lattice. The irreducible part of the Bril
louin zone for the woodpile structure is bounded by the
line ZY1PXYΣΣ1.
Fig. 4. (a) Band gap versus the filling factor w/a for differ
ent values of the relative permittivity ε of the rods. (d) Band
gap versus the relative permittivity for w/a = 0.28.
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Admiralty spire in St. Petersburg; the minimum fea
ture size of this object is ~300 nm. Furthermore, we
have synthesized photonic crystals with an inverted
yablonovite structure and a woodpile structure with
various filling factors. The characteristics of these
photonic crystals have been calculated theoretically.
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